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.LEILOG STUDY OF TIE EFFECTS OF vmrous TYPES OF CONTROL 

FEEL ON THE DYNAMIC CK4W-CTERISTICS OF A 

PDLOT-AIRPLANE COMBINATION 

By Charles W. Mathews 

INTRODUCTION 

Even when sirplanes are designed t o  Etccoqlish  their  mission under 
actomatic  control,  the hrma p i lo t  usuzlly is provided v i t h  a mezns fo r  
control. The  p i l o t  w i l l  probably have t o   f l y   t h e   a i q l a n e   i n   c e r t a i n  
operations and he should be able t o  take over control i n  the  eveat of 
malfmct  ionfng of equigment . 

Anorg %he desFgn consiaerstions  involved in  the  integration  of a 
manuzl control  systen  with EE automztic  control  system is the  provision 
of sztisfactory  control  feel .  The tern  "feel" refers t o  the  forces on 
the s i l o t  ' s s t ick  which provide him with  cues as to  the  airplane  response. 
Proper st ick  forces  are extremely h p o r t m t   t o  the precision and safety 
of f l i gh t  under the control of hm.m pilots .  

Before  power-operated controls came into  use,   st ick  forces  reflected 
the aerodynamic hinge nonel?_ts on the  control  surfaces  of the airplane. 
With current power-operated control  surfaces, however, these aerodynamic- 
force  feeabacks are elinimted, and considerable latitude is afforded the 
control-system  &esigner in   the  select ion of  control  feel.  This  paper 
discusses some souces  of control   feel   for   the  longi tudinal  control system 
of an  airplane and deals  with  their  usefulness and their   l imitations.  

an normal acceleration 
- 
C mean aerodynaic chord 

FP stick  force  applied by p i lo t  

FS control-stick  force 

a_ dynm5c pressure 
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6e elevator  deflection 
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6, control-stick  deflection 

0 =le of pi tch 

Q€ e r ro r   i n   g i t ch  angle 

UI osc i l la t ion  frequency, r d i a n s  per second 

The bzsic  types of f e e l  devices t o  be  considered me   i l l u s t r a t ed  
in   f igure  1. The first device shown is a siEple  centering  spring on the 
s t ick.  This spring  provides s, force  groportionel t o  st ick  deflection 
and the spring s t i f fness  is invariant w i t h  flight  condition. The second 
device is  also a centering  spring on the  s t ick  but  i t s  s t i fzness  is m a d e  
t o  vzry i: proportion  to  dynmic  pressure q a d  it is therefore  widely 
known as .q-feel" . I n  figure I, this varriation is eccoql ished by a 
q-sensitive servmechanLsm  which moves the horizontal link up and down 
t o  vary the n e c h i c a l  adventage between the  spring and the stick. The 
th i rd  type  of f e e l  i s  provided by bobweights which exert weight morrents 
on t3e st ick.  A bobweight attached t o  the s t i ck  li-&age and located E t  
the  center of gravity of the  airplane w i l l  provide a force  proportionel 
t o  no-me1 acceler&tion, and two bobweights or" e q u d  weight  and symetr i -  
cally  located aboat the center of g r a v i t y   c m  be made t o  provide e force 
proportional  to  pitching  acceleration. 

The stick  forces  for  the first two types  of f ee l   a r e  a function of 
the  pilot 's   control  inputs and might be termed input  force  gredients, 
whereas the stick force fo r  the third type of feel i s  a function of the 
airplane  response and dght be termed en output  force  gradient. Ih 
e i the r  case poss ib i l i t i e s  exist f o r  obtaining  feel  from sources other 
than those indiczted. Any input  or  response  quantity that can be  sensed, 
amplified, and applied as a torque t o  the stick  pivot can be used. This 
discussion also encanpasses a f e w  of these other  sowces of fee l .  

. 

c 



NACA IIM L55FOla 3 

. 
!This analysis of cont ro l   fee l  is based 011 resu l t s  of an electronic- - anzlog-compter  study of the  response  Characteristics of  a piloted air- 

plaEe. Familiar techniques were used i n   t h f s  study. The dynamics of 
the components  were described by t r m s f e r  ,functions; and the   pi lot ,  the 
f e e l  system, the  control system, and th  airplene were considered in a 
closed-loop  type of operation  as  i l lustrated i n  f igwe  2. It was assumed 
tha t   the   p i lo t  was attempting to  control  the  pitch  Etti tude of the  air-  
plm-e znd responded t o  pitch  error.  He w e s  elso given  error-rake judgment 
and his d y n d c s  were asproxhated by two cascaded l inear  lags, each  having 
a time  constant of 0.15 second. H i s  output was a force. Although  a 
hum= p i lo t  might  have  been  used, a~ m-alog of the   p i lo t  was used in   order  
to  eliminzte him as a variable  in  the problem. An actual   p i lot  is complex 
and sonewhat inconsistent in  his  operation. He will change his  control 
procedures t o  meet changing conditioas and w i l l  thus obscure  the  effects 
of the  other  variables  to  be  studied. No i l lusions  are  entertained es 
to   the   r igor  of this   malog of s. humn p i lo t  - hence the  lebel  "pseudo- 
pi lot"  i s  used In  the  block  diagran. 

. In   t he   f ee l  system the  stick  force  applied by the p i l o t  wzs sunned 
with  the  feel   forces and the  resul ta t   force  actuated  the  control  system. 
The ine r t i a  of the  control  systea wzs ty-pical of that of a f ighter  air- 

The hypothetical  airplane  used was of fighter-airplane  size,  with  stabil- 
i ty   der ivat ives   selected t o  represeat a desirable  design from the  stand- 
point 03 stzbilLty and control  characterist ics.  The system was inFt ie l ly  
provided  with  q-feel, which experience  has  generally shown t o  afTord 
satisfactory  handling  chasacteristics.  T?e sprin; s t l f fness   selected 
produced  a  Torce gradient of 4.5 pounds per g in  steady pull-ups with 
a st.=t+c F a g i n  of 0.0gE. Sufficient danping w a s  epglied  to  the  control 
s t i ck  t o  provide c r i t i c a l  dmping of the  control system. 

d plane. The Q n m i c s  of the  control system were assumed t o  be perfect. 

" 

The pi lot ' s   gains  were selected t o  provide a well-dmped  response 
of the  systen  with s. response  time  considered t o  be typical  f o r  tracking 
operztions. Tn addition, an attenpt was  made t o  obtain a more o r  less 
uniform zttitude  response OP the system  with constmt  pilot   charecter-  
i s t i c s  over a wt-de range of f l i g h t  conditior?s when a_-feel was used. In 
order t o  meet the lz t te r  condition, it was necessary to provide  the  pilot 
with E, sense of stick  &eflection.  This  feedback, however, closely  apgroxi- 
mzted z pilot-gain  vmiation  with  flight  condition  vhich may nore truly 
represent  the  action of an actual   p i lot .  

Once selected,  the  quantities  sensed by the  pi lot ,   h is  lags, and 
his  gains were held invariant  throughout aos t  of tne  investigation. 
Although  a human p i lo t  cen rezdily change his  control  procedures t o  meet 

reqciring chenges in  his  control srocedu-res Eerit  consideration. 
s a  chmging  situation,  the premise in  the  present  study is tha t  any fectors 
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RESULTS AND DISCUSSION 

The factors  varied ir. this  study were the flight  condition,  the 
s t a t i c   s t a b i l i t y  of the  airplane, and tke type of control  feel .  

The ezfect or' flight  coniiition or- the  response  characteristics  of 
a piloted  airplane  uti l izing simple  spring f e e l  i s  shown in  f igure 3. 
The  histories  are  presented  of  the  response of the system t o  e sna l l  
i n i t i a l   a t t i t xde   e r ro r .  The time histories  of  the two upper plots  are 
for low-dynamic-pressure conditions md the  time  histories of the lower 
plots  are f o r  high-dynanic-pressure  conditions. The results  indicete 
tha t  an  analysis of t h i s  type can detect some cf the  undesirable  char- 
ac te r i s t ics  known t o  exist  with  simple  spring  feel.  (See ref. 1.) For 
conditions at low values of q, the  response i s  overdamped  and sluggish, 
and sack 8 response  wodd  prob&bly produce a comment of heavy control'' 
from an actus1  pilot .  For conditions at high  values of q, the  response 
is  rapic and oscillatory so  that a comment of "oversensitive  control" 
would probebly be expressed by an  actual   p i lot .  

11 

The degree t o  which a uniform  response of t h i s  closed-loop  system 
was obteined by using q-feel i s  i l lus t ra ted   in   f igure  4 f o r  a wide range 
of flight  cocditions. Again time histories  are  presented of the  response 
of the system t o  an in i t ia l   a t t i tude   e r ror .  The set of f l i g h t  condition8 
shown here 2;re those  for which the  discrepancies were the  greatest  of a l l  
the  conditions  investigated. In  a l l  cases  the  responses  aze  fairly  vel1 
damped &-ad the   t ixe   for   the   e r ror   to  be  reduced t o  a small value is  about 
the  sane. 

The effect  on the system  response of v a i a t i o n  ir- airplane  s ta t ic  
margin is i l lus t r s ted   in   f igure  5 for  the  case of  the  q-feel  systen. 
Responses t o  a mall  att i tude  error  are  shorn  at  an Zirspeed of 600 mph 
End an al%itu.de of k0,OOO feet .  The response is strongly  influenced by 
static  xargin.  A t  low values of s t z t i c   m g i n   t h e  pronounced overshoot 
reflects  oversensitivity. A t  high  values of s t a t i c  margin the  response 
is  both  oscillatory md sluggish. The oscillatior. is e result of the 
high  airplaoe  nahral  frequency which causes  the  pilot 's  leg t o  have an 
irportzqt  effect  on the danging.  Although the  sluggish  nature of the 
respocse  does  not  correspond  too well with  the  experience, it suggests 
that  the pi lo t  wculd  have t o  increase  significantly  his  gain - that is ,  
his  force 0utpu-L per  unit  error. It i s  of interest   to   note  at this  point 
tha t   var iEt ions   in   s ta t ic   nugin  or" t h i s  magnitude me  encormtered i n  
t ransi t ion fron subsonic t o  supersonic  speeds. 

The cause of the  difficulty with  q-feel is obvious.  Variations  in 
s t a t i c  margin  produce large  vasiations  in  the  response  of  the  airplane 
t o  a given  pilot  fcrce.  This  result in turn   s tem from an inherent 
characterist ic of e i rphnes,  that is,  changes i n   s t a t i c  -gin produce 



large  variations  in the response to   s t ick   def lec t ion .  With a ¶-feel 
systen?, the fee l  forces  ere  proportional  to  stick  deflection. 

I 

The preceding  discussion  leads t o   t h e  conclusion that it would be 
desirable   to  m a k e  the feel  forces a more direct  function  of  the airplme 
resgonse. On the other hand, past  experience has shown that  forces pro- 
portional t o  st ick  deflection result f n  very  satisfactory phasing between 
these forces and the response, which provides  the  pilot w i t h  needed antic- 
ipatioc.  Jh this  instance, it is  possible to incorporate  the  desirable 
features of the q f e e l  system i n  a. system which obtains feel  solely as 
a function of airplane  response. A t  a given f l i gh t  condition,  forces tkt 
are e, function of the airplane respome can  be made equivalent t o  a s t ick-  
centering spring by proper  adjustment of the  coefficients of the terms i n  
the following  equation: 

The significance or" the terms i n   t h i s  equation I s  shown i n  figure 6. 
Bobweights sensi-ng noma1  acceleration and pitching  acceleration and E. 
r a t e  g ~ r r o  sensing  pitching  velocity ere required. 

The question  arises as t o  whether a spring  force needs t o  be sim- 
ulated so exectly by response  quantities,  inasnxch as simplifiC&iOn 
of the feel   systen could resu3.k fro=  elimination of soxne of the terms 
i n  equztion (I) . For  exenple, a bobweight located at the  center of 
gravity  can be lllade t o  provide the sane stick force  per g i n  steady 
pull-ups E.S e stick-centering  spring.  Figure 7 affords some insight 
in to   the   poss ib i l i t i es   for   shpl i f ica t ion .   P lo t ted  as a function of 
frequency is the equivalent  sprigs  st iffness  of  several   feel  systems 
utilizing  response  quantities. I n  other words, the  amplitude and phase 
=@e of the   ra t io  of a response  force  gradient t o  E. centering-spring 
force  gradient is shown for:  varioils  frequencies of control  input. 

P.s hzs already been aentioned, E. feel  force  obtained from normal 
accelerstion  alone (bobweight at the center of gravity) i s  capable of 
matchip3 the characterist ics  of a spr ing  in  the steady state (zero  fre- 
quency), but for  higher  frequency  inputs  the bobweight force  gradient 
i s  much smaller thm that  obtained with a spring and the buildup of force 
zppreciably lags t ha t  of a spring. 

About ten  years ago it first became possible   to  elFminate aerodynamic- 
force  feedback t o  the s t i ck  md at that time  several  experineital systems 
were s tudied  in  which the chief  source of feel w a s  a bobweight at the 
center of gravity  (refs.  2 and 3) .  These studies showed that the reduc- 
t i on  of force  gradient in rasid msneuvers uld the slow  builau? of s t i c k  - force  associated wLth this type of system wzs unsatisfactory. As E 
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resul t  a flying  qualities  requirexent was fornulated  stating that the 
force  gradient  in  rapid maneuvers should  never  be  less  than that i n  a 
steady  pull-up  or  turn  (refs. 4 and 5 )  . 

I f   fee l   force  is  ojtained *o?r a conbination of  normal acceleration 
and pitching  acceleration (bobweights at fore and af t   posi t ions) ,  it is 
possible t o  match tae characterist ics of a centering  sprips  at  both l o w  
and high  frequencies. At intern-ediate  freqEencies, however, there is  a 
large  decrease i n   t h e  equivs1en-L spring  stiffness which probably would 
be unsatisfactory. Dou3ling the  force due to  pitching  acceleration s t i l l  
does  not  conpletely  alleviate  this drop off end re su l t s   i n  overcompensa- 
t i on  E t  high  frequencies . 

A f e e l  system util izing  pitchirg  acceleration as one source of f e e l  
has been f l igh t   t es ted  zt the Ames Aeronactical  Laboratory  (ref. 6 ) .  
Although sat isfactory  in  most respects,  this systen? w&s found to   exhib i t  
a stick-free  instabil i ty.  In all the systems  discussed  herein  stick 
dampcpg was provided i n  the same  amolrnt as the  dmping  used f o r  the  q-feel 
system.  This f a i r l y  moderate mount of s t ick  dayping w&s suf f ic ien t   to  
eliminEte any tendency towmd stick-free  instzbil i ty.  

Addition or" a pitchirz-velocity  term as indicated by figure 6 makes 
it gossible E t  a given fl ight  condition  to match the  characteristics 03 
a centering  spring at ell frequencies.  In  order  to  obtain  this match at 
a l l   f l i g h t  cofiditions it would be necessary t o  vary  the  gain of the 
pitching-velocity tern. Without the  gain change the  variation of t h i s  
force  grdient  with  f l ight  condition still is  effectively  the same as tha t  
Tor the  q-feel system E.% high and low frequencies. A t  intermedizte  fre- 
quencies, however, the  gradient is slightly  higher  than  for  q-feel  et 
dynamic pressures below tae design  valtie and s l igh t ly  lower  than for  
q-feel at Qnaxic pressu-res above the  desig3  vzlue. 

I l h s t r c t i o n  of the time  responses  obtained in  the  electronic- 
compcter malysis by using these various  types of response-feel  systems are 
presented in   f igure 8. In  order  to  obtain z dynLzicelly  stable  response 
with  normel-scceleration feel  (not  including  feel  proportional  to 6 
a d  e) ,  it was necessuy  to  provide a very l u g e   s t i c k  dmping  force 
and t o  reduce  the  pilot 's   gain  (force  outpt Der =it er ror )   to  low 
values. Even so  the  response is  very  sluggish and highly  oscillEtory. 
It i s  vorth  noting  that a fairly  large  mount of stick  da?ping was 
reqnired  just t o  stabilize  the  stick-free  oscillations of' the  eirplane 
when normal-acceleration f e e l  was use$. Use of normel-acceleration and 
pitching-accelerztion  feel (&n a& a) improved the  speed of response 
but   this  system is  quite  oscil latory.  T k  force  gredient due to  pitching 
acceler&ion  in  this  instance is  very  high. The eddition of a pitching- 
ve loc i ty   g rd ien t  8 makes it possLble to  obtein a fa i r ly   rap id  end 
well-damped response which is  tne same as thz t   fo r  the q-feel system. 

.. 
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Figure 9 s h o w s  the  effect  of flight  conditions on the  response t o  
an i n i t i a l   e r r o r  with the  "best  response"  feel system, i n  which t h e   f e e l  
included  response t o  an, 6, and g. The response is fa i r ly   unifom, 
always well damped, zsd  about the same as was obtained w i t h  q-feel. 

. 

The e2fect of static-margin  variations with this type of response 
f e e l  is shown in   f igure 10, which presents similar time  responses at an 
airspeed of 600 nph end an a l t i tude  of 40,000 feet .  As contrasted  to  
a_-feel, the  responses i n  this case are b d l y  d f e c t e d  by lerge  variations 
i n   s t a t i c  margin. A point  to  note is that the  st ick  forces  result ing 
from gusts could  be  inportant in  the  case of a response f e e l  system of 
this type. The gust  strck  forces  could  affect  both  the  stick-free  sta- 
b i l i t y  a d  the  pilot 's   opinion of the  hardling  qualities.  Studies of 
gust effects  have not as yet been made. 

Before  leaving  the  response  type of f e e l  system it might be nentioned 
tha t ,  fn view 03 a possible  difficulty i n  nechmizing a stick  force pro- 
portional t o  pitchir?!  velocity,   the  feasibil i ty of substituting  a steady- 
state  equivalent was investigated. A w e a k  simple  centering spring was 
used f o r  %his purpose. With this  replacenent  the  vaxiation i n  system 
respome w i t h  f l ight  conditfon was slightly greater than that f o r  the 
case just i l lus t ra ted ,  and the  variation of the  response with c u e s  
i n   s t s t i c   m r g i n  was found t o  be small. 

n 

A closed-loop type of malysis utilizFng arl analog of the human 
p i lo t  zppears t o  offer  a  useful means of investigating  the  intrinsic 
features of various  types of f ee l   sys t em.  Altnough q-feel  prcvides a 
satisfactory  phasing between stick  force end &plane  response et moderate 
stEtic  magins,  the large shifts i n   s t a t i c  margin tha t  occur  during tran- 
sonic  operetion hme a d e t r h e n t a l   e f f e c t  on airplane  handling  character- 
i s t i c s .  Such problem can be avoided  by providing fee l   force  more d i rec t ly  
releked  to  the  airplane  response, and response-type f e e l  systems czn be 
designed t o  have the  fevorzble  phasing  characteristics  associated  with 
stick-centering  springs. 

Lan-gley Aeronautical  Leboratory, 
National Acvisory  Comaittee f o r  Aeronautics, 

Langley Field, Va., May 18, 1955. 
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CONTROL-FEEL DEVICES 
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Figure 2 
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EFFECT OF FLIGHT CONDITION FOR SIMPLE- 
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Figure 4 
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Figure 6 
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EQUIVALENT  SPRING  STIFFNESS  OF  RESPONSE  -FEEL  SYSTEM 
400MPH3 20,000FT; STATIC MARGIN,0.05E 
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Figure 7 

EFFECT  OF TYPE OF RESPONSE FEEL 
400 MPH ; 20,000 FT; STATIC MARGlN,0.05 F 
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Figure 8 
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EFFECT OF FLIGHT CONDITION FOR 
BEST RESPONSE FEEL SYSTEM 
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Figure 10 
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